The current study determined that zinc transporter (ZnT)2 was responsible for Zn uptake into Paneth cell granules. Moreover, loss of ZnT2 function in ZnT2-null mice impaired Paneth cell function and granule structure, secretion, and antimicrobial activity, which led to gastrointestinal dysbiosis.
SUMMARY
The current study determined that zinc transporter (ZnT)2 was responsible for Zn uptake into Paneth cell granules. Moreover, loss of ZnT2 function in ZnT2-null mice impaired Paneth cell function and granule structure, secretion, and antimicrobial activity, which led to gastrointestinal dysbiosis.
BACKGROUND & AIMS:
Defects in Paneth cell (PC) function are associated with microbial dysbiosis and intestinal inflammation. PC granules contain antimicrobial peptides, cytokines, and substantial stores of zinc (Zn). We hypothesized that Zn, transported into the granule through the Zn transporter (ZnT)2, is critical for signature PC functions.
METHODS:
ZnT2 was localized to PC granules using immunofluorescence and sucrose gradient fractionation in wild-type (wt) mice, and consequences of ZnT2 loss were characterized in ZnT2 knockout (ZnT2ko) mice. Terminal ilea were harvested for immunofluorescence, electron microscopy, and fluorescent imaging with the Zn reporter Zinpyr-1. Alterations in fecal microbiota were characterized using 16s ribosomal RNA sequencing. PC degranulation, bacterial translocation, cytokine response to Escherichia coli endotoxin lipopolysaccharide, crypt viability after exposure to the oxidant monochloramine (NH 2 Cl), and bactericidal activity of luminal contents of terminal ilea against enteropathogenic E coli were assessed.
RESULTS:
ZnT2 was localized to the membrane of PC granules. In ZnT2ko mice, spontaneous degranulation was observed more frequently than among wt mice. Secretory granules were hypodense with less active lysozyme, and there was evidence of autophagosome accumulation and granule degradation in PCs from ZnT2ko mice. Gut microbiota of ZnT2ko mice were enriched in Bacteroidales S24-7 and relatively depleted of species commonly found in wt mice. Evidence of PC dysfunction in ZnT2ko mice included impaired granule secretion and increased inflammatory response to lipopolysaccharide, less bactericidal activity, and greater susceptibility to cell death from NH 2 Cl.
CONCLUSIONS:
ZnT2 is critical for Zn import into PC granules, and the inability to import Zn leads to profound defects in PC function and uncoordinated granule secretion. 1,2 Implicated in the development of the intestine and conservation of the mucosal barrier, PCs also play a critical role in regulating the ecology of the intestinal lumen through release of large secretory granules that contain antimicrobial proteins (eg, a-defensin, lysozyme, and Reg-IIIg), cytokines (eg, interleukin [IL]17 and tumor necrosis factor [TNF]), and growth factors (eg, epidermal growth factor). 1, [3] [4] [5] Defects in PC function result in impairments in defensin formation, defects in secretory or autophagic pathways, 2 and are associated with microbial dysbiosis and inflammatory bowel conditions such as necrotizing enterocolitis (NEC) and Crohn's disease. 1, 6 It has long been recognized that PC granules contain remarkably high levels of zinc (Zn). 7, 8 Zn is a cofactor for granule enzymes such as matrix metalloproteinase-7 and provides stability for a-defensin 5 9 and lysozyme. 10, 11 Recent studies in rodents have indicated that depletion of Zn in the small intestine renders PCs susceptible to cell death, 12, 13 and can lead to downstream disruption of the intestinal stem cell niche. 13 In mice, depletion of Zn in the PC, combined with exposure to intestinal pathogens such as Klebsiella pneumoniae, results in an illness similar to the NEC that is observed in preterm newborns. 14 These observations suggest that Zn is critical for PC viability and functionality of its granules. How Zn is incorporated into PC granules and why defects in granule Zn accumulation impair PC function are not understood. Movement of Zn into and through secretory cells is dominated by 2 families of Zn transporters. 15, 16 Members of the SLC30A family of Zn transporters (ZnT1-10) function as homodimers and heterodimers 17 to move Zn out of the cytoplasm into organelles or across the cell membrane to extracellular compartments. Four members the ZnT family (ZnT2, ZnT3, ZnT4, and ZnT8) have been described in the secretory compartments of specialized secretory tissues including mammary gland, prostate, exocrine pancreas, endocrine pancreas, and neurons. [18] [19] [20] [21] [22] Of these, ZnT3 and ZnT8 are distinguished by almost exclusive expression in neural cells and pancreatic islets, respectively. 16, 18, 20, 22 Although ZnT4 is expressed in the gastrointestinal system, predominant expression occurs in the large intestine and in nonapical endosomal compartments of the enterocyte. 23, 24 In contrast, expression of ZnT2 in secretory epithelial tissues (eg, mammary gland, prostate, the exocrine acinar cells of the pancreas 19, [25] [26] [27] [28] ) and in the crypts of Lieberkühn 29 suggests that ZnT2 may play a role in Zn accumulation in PC granules.
Recent reports have suggested that functionally significant mutations 30, 31 and nonsynonymous genetic variants 32 in ZnT2 are common, offering the possibility that variation in ZnT2 might be important in regulating responsiveness in secretory cells and tissues. These considerations led us to test the hypothesis that ZnT2 is responsible for Zn import into PC granules and that silencing ZnT2 would impair PC function, resulting in dysbiosis within the lumen of the small intestine. Here, we used a ZnT2-null mouse model to evaluate the role of this Zn transporter in PC function, and the consequences of loss of ZnT2 function on luminal dysbiosis and response to infectious stimuli.
Materials and Methods

Animals
All animal protocols were approved by the Institutional Animal Care and Use Committee at the Pennsylvania State University. Male ZnT2-null (ZnT2 knockout [ko]) mice and their wild-type (wt) littermates (10-12 wk) were obtained through heterozygote breeding, maintained on a 12-hour light/dark cycle under controlled temperature and humidity, and given access to commercial rodent chow and water ad libitum. DNA was extracted from ear snips following the manufacturer's instructions using the Extract-N-Amp Tissue polymerase chain reaction (PCR) kit (Sigma-Aldrich, St. Louis, MO) and lack of ZnT2 was confirmed by PCR genotyping as previously described. 26 Lack of ZnT2 protein in the crypts was confirmed by immunoblotting as described later.
General Characterization
Mice (n ¼ 8/genotype) were fasted for 2 hours and euthanized by CO 2 asphyxiation and the terminal third of their small intestines (ileum) was removed and processed for crypt isolation, histology, Zn analysis, and immunoblotting as described later. Blood was removed by cardiac puncture into heparinized tubes and plasma was separated by centrifugation in a Marathon Micro H centrifuge (Fisher Scientific, Waltham, MA) at 2000 Â g for 5 minutes. Plasma was stored at -20 C until analysis for Zn concentration as described later.
Lipopolysaccharide Injection
Mice (n ¼ 5/genotype) were fasted for 2 hours before intraperitoneal (IP) injection of lipopolysaccharide (LPS) (1 mg/kg) or saline (control). After 3 hours, mice (LPS, n ¼ 3; saline, n ¼ 2) were euthanized by CO 2 asphyxiation and terminal ilea were harvested and processed for H&E staining, transmission electron microscopy, and immunoblotting as described later. A second cohort of mice (LPS, n ¼ 3; saline, n ¼ 3) treated as described earlier were euthanized by CO 2 asphyxiation after 24 hours to obtain mesenteric lymph nodes, which were isolated for bacteriologic culture. From these animals, spleens were harvested for quantification of splenic cytokines as described later.
Light Microscopy
Ileum (n ¼ 8 mice/genotype) was dissected and perfused with 2 mL sterile phosphate-buffered saline (PBS), followed by 4% phosphate-buffered paraformaldehyde, pH 7.4. Tissues were embedded in paraffin, sections (5 mm) were adhered to positively charged glass slides, deparaffinized, and used for H&E, alcian blue, and immunofluorescent (IF) staining.
H&E and alcian blue staining. Sections from wt and ZnT2ko mice (n ¼ 8 mice/genotype) were stained with H&E and alcian blue as described. 33, 34 Morphology and morphometrics were assessed in high-quality sections containing full villi. At least 20 crypts and villi were assessed per mouse by a single blinded observer. Villus height, crypt depth, nuclei per villus, and the number of goblet cells per villus were measured or counted at 10Â magnification as described. 34, 35 Villus height was measured by drawing a bisecting line through the center of the villi, and crypt depth was measured by drawing a bisecting line through the crypt lumen using Adobe Photoshop CS3 version 10.0 (Adobe Systems Incorporated, San Jose, CA). PC organization was examined at a magnification of 63Â under oil. At least 100 PCs per mouse (n ¼ 6/genotype) were quantified for degree of degranulation as previously described. 2 Briefly, PCs were rated according to their appearance based on the schematic representation of degranulation (grades D0-D3), as adapted from Adolph et al 2 by 2 independent, blinded observers. 
Transmission Electron Microscopy
The terminal ileum (n ¼ 9 mice/genotype; 4/genotype with no treatment; 2/genotype with IP injection of saline; and 3/genotype with IP injection of LPS) was dissected, perfused, and fixed with half-strength Karnovsky's fixative (2% paraformaldehyde, 2.5% glutaraldehyde in 0.2 mol/L sodium cacodylate buffer at pH 7.4 at 4 C) for 26 hours. Tissues were postfixed in a 1:1 solution of 2% osmium tetrachloride: 3% potassium ferrocyanide at 4 C overnight, rinsed with 0.1 mol/L sodium cacodylate, and dehydrated in graded alcohol solutions before embedding in Embed 812 (Electron Microscopy Sciences, Hatfield, PA). Resin was baked at 60 C for 60 hours. A DiATOME (Hatfield, PA) diamond knife was used to cut 90-nm sections, which were imaged on a JEM 1400 Digital Capture Transmission Electron Microscope (Jeol. Peabody, MD). Morphometrics were assessed in high-quality sections containing full crypts. At least 20 crypts were assessed per mouse by a single blinded observer. The number of granules per cell, percentage of granules that were hypodense, and average number of autophagic vesicles per cell were counted as described.
2,36
Zinpyr-1 Immunofluorescence
The terminal ileum (n ¼ 4/genotype) was frozen in tissue-freezing medium (Tissue-Tek OCT; Fisher Scientific) floated in an isopropanol/dry ice bath. Sections (10 mm) were cut using a CM 1950 cryostat (Leica), and the fluorescent reporter Zinpyr-1 (ZP1; Toronto Research Chemicals, North York, Ontario) was used to detect labile Zn pools within secretory granules as previously described. 26, 37 Images were obtained at 40Â magnification using Leica Application Suite (V3.6) on a Leica DM IL LED microscope with a Leica DFC425 digital camera. Brightness was adjusted uniformly across all images using Adobe Photoshop CS3 version 10.0.
Zn Analysis
Zn concentrations of plasma (n ¼ 3/genotype) and small intestine (n ¼ 6/genotype) were determined by atomic absorption spectrophotometry (Aanalyst 400; Perkin Elmer, Waltham, MA) as described. 38 
Crypt Isolation
Intestinal crypts were isolated from mouse small intestine by shaking as described by Ayabe et al. 4 Briefly, 0.5-to 1-cm segments of the entire length of the small intestine were opened longitudinally and exposed to ice-cold EDTA (2 mmol/L) in calcium-and magnesium-free PBS for 30 minutes at 4 C, with gentle agitation. The supernatant was discarded and replaced with cold PBS free of EDTA, which was pipetted vigorously to remove the villous portion. After further resuspension and pipetting, the crypt-enriched portion was filtered through a 70-mm cell strainer (BD Biosciences, San Jose, CA) to remove remaining villi, and centrifuged at 700 Â g for 2 minutes to remove single cells. The pelleted crypts were resuspended in Ringer's solu 
Subcellular Fractionation
Sucrose gradient fractionation was performed as described previously. 39 Briefly, dounce-homogenized crypts resuspended in buffered sucrose (0.179 mol/L sucrose, 0.75 mmol/L KCl, 19.2 mmol/L NaCl, 1 mmol/L EDTA, and protease inhibitors at pH 7.4) were gently layered on a prepared 0.2-1.6 mol/L sucrose gradient, and centrifuged at 40,000 Â g for 18 hours at 4 C. Fractions of 0.5 mL were collected, diluted 2-fold with Tris-buffer (10 mmol/L TrisHCl and protease inhibitors, pH 7.4), and centrifuged at 150,000 Â g for 30 minutes at 4 C to pellet membrane proteins. Membrane proteins were resuspended in homogenization buffer (20 mmol/L HEPES pH 7.4, 1 mmol/L EDTA, 250 mmol/L sucrose, and protease inhibitors) and used for immunoblotting as described later.
Immunoblotting
Tissue homogenates were generated, electrophoresed, and detected by immunoblotting as previously described. 25, 31 Primary antibodies used were as follows: 1 mg/mL ZnT2, 1:1000 Reg-IIIg, or 1:10,000 lysozyme (ab108508; Abcam). Where indicated, membranes were stripped and reprobed using rabbit anti-mouse b-actin (1:5000, 123M4887V; Sigma-Aldrich) as a normalization control. Band density was measured using the Odyssey Image Studio (version 2.0; LI-COR Biosciences, Lincoln, NE). Where appropriate, data represent the mean ratio of band density to b-actin, normalized to background ± SD.
Bactericidal Assay
Enteropathogenic Escherichia coli (EPEC) (strain E2348/ 69 obtained from Dr Lars Bode, University of California San Diego, San Diego, CA) was used for a bactericidal assay as described by Heneghan et al. 40 Mice (n ¼ 9/genotype) were fasted for 2 hours before euthanization by CO 2 asphyxiation. Terminal ilea (3 cm) were harvested, gently perfused with 1 mL PBS to clear intestinal contents, which were discarded, and an additional 1 mL was perfused through and collected. Bacteria (10 mL containing 3 Â 10 3 colony-forming units [CFU]) was added to 200 mL of intestinal perfusate or PBS and incubated for 1 hour at 37 C. Bacteria were plated in duplicate on Luria-Bertani agar plates and cultured under aerobic conditions for 24 hours at 37 C. CFUs were counted and the number of CFUs cultured from the ileal perfusate from ZnT2ko mice was compared with the number of CFUs cultured from the ileal perfusate from wt mice. Data represent the mean percentage reduction in CFUs compared with controls (EPEC incubated with PBS only) ± SD.
Monochloramine Exposure and Crypt Viability
Intestinal crypts were harvested as described earlier, resuspended in Ringer's solution, and used immediately. Monochloramine (NH 2 Cl) was prepared as described. 41 Crypts were exposed to 50 mmol/L NH2Cl for 1 hour at 37 C, centrifuged at 700 Â g for 2 minutes, and allowed to recover for 1 hour in Ringer's solution at 37 C. To monitor cell death, crypt preparations were exposed to calcein-AM (1.25 mmol/L; excitation, 492 nm; emission, 515 nm; BD Biosciences), and ethidium homodimer-1 (5 mmol/L; excitation, 530 nm; emission, 590 nm; Sigma-Aldrich) for 30 minutes at 37 C in the dark, centrifuged at 700 Â g for 5 minutes, and resuspended in Ringer's solution. The fluorescence was measured in a 96-well fluorimeter (BioTek, Winooski, VT), and cell death was calculated as the ratio of dead (ethidium homodimer-1-stained) to live (calcein-AM-stained) cells for each sample, and then the ratio of cell death in monochloramine-treated cells compared with untreated cells was calculated for each mouse. Data represent the mean cell death of monochloramine-treated cells compared with untreated crypt cells of wt and ZnT2ko mice ± SD.
Bacteriologic Culture of Mesenteric Lymph Nodes
Mesenteric lymph nodes were isolated and processed for bacteriologic culture as previously described. [42] [43] [44] Briefly, lymph nodes from wt (n ¼ 6) and ZnT2ko (n ¼ 6) mice injected IP with LPS (n ¼ 3) or saline (n ¼ 3) were isolated under sterile conditions and immediately placed into 500 mL Ringer's solution on ice. Lymph nodes then were homogenized, and 100 mL was plated on LB agar plates in duplicate and cultured under aerobic conditions for 24 hours at 37 C. CFUs were counted and summarized as the mean number CFUs per mouse ± SD. Comparisons were reported between the number of CFUs cultured from lymph nodes harvested from wt mice and from ZnT2ko mice, including those harvested under control conditions and those harvested after mice were treated with LPS.
Splenic Cytokines
TNFa and IL6 concentrations in homogenized spleens taken from mice described earlier were determined by enzyme-linked immunosorbent assay according to the manufacturer's protocol (mouse DuoSet; R&D Systems, Minneapolis, MN). Samples were run in duplicate and data are summarized as the mean cytokine concentration normalized to spleen weights ± SD.
Statistical Analysis
Data are presented as means ± SD. Statistical comparisons were performed using the Student t test or 2-way analysis of variance where appropriate (Prism GraphPad, Berkeley, CA), and a significant difference was shown at a P value of less than .05.
Fecal Microbiota Analysis by 16s Ribosomal RNA Gene Sequencing C. PCR products were visualized on a 1% CYBRsafe E-gel (Life Technologies, Carlsbad, CA). Pooled PCR products were gel purified using the Qiagen Gel Purification Kit (Qiagen, Frederick, MD), quantified using the Qubit 2.0 Fluorometer (Life Technologies), and samples were pooled in equimolar amounts. Before submission for sequencing, libraries were quality checked using the 2100 Bioanalyzer DNA 1000 chip (Agilent Technologies, Santa Clara, CA). Pooled libraries were stored at -20 C until they were shipped on dry ice to California State University (Northridge, CA) for sequencing. Library pools were size verified using the Fragment Analyzer CE (Advanced Analytical Technologies, Inc, Ames, IA) and quantified using the Qubit high-sensitivity double-stranded DNA kit (Life Technologies). After dilution to a final concentration of 1 nmol/L containing 10% PhiX V3 library control (Illumina), the library pools were denatured for 5 minutes in an equal volume of 0.1 N NaOH, further diluted to 12 pmol/L in HT1 buffer (Illumina), and sequenced using an Illumina MiSeq V2 300 cycle kit cassette with 16S ribosomal RNA library sequencing primers and set for 150 base, paired-end reads. Single-end sequence reads were trimmed at a length of 150 bp and quality filtered at an expected error rate of less than 1.5% using USEARCH v7. 45 After quality filtering, reads were analyzed using the Quantitative Insights into Microbial Ecology (QIIME) 1.9.0 (Boulder, CO). 46, 47 Chimeric sequences were identified using USEARCH61 (Tiburon, CA). 48 A total of 428,301 sequences were retrieved after quality filtering and chimera checking. Open reference operational taxonomic units (OTUs) were picked using the USEARCH7 algorithm, 48 and taxonomy assignment was performed using the Greengenes 16S ribosomal RNA gene database (http://greengenes. secondgenome.com) (13-5 release, 97%). 49 Clustered taxa were compiled into an OTU table, and samples with fewer than 1000 OTUs subsequently were discarded, generating high-quality data from 29 samples (14/ko, 15/wt).
Microbiota Data Analysis
Principal coordinates analysis plots and Analysis of Familiarity tests for significance were generated from a weighted UniFrac distance matrix made within QIIME 1.9.0. The nonparametric Kruskal-Wallis test for significance was used to identify enriched taxa within ZnT2ko and wt mice. Differences were considered to be significant at an a value of .025. Relative abundance plots were produced from a cumulative sum scaling normalized OTU table. 50 Linear discriminant analysis effect size was used to identify taxonomic biomarkers between wt and ZnT2ko mice. 51 Genus-level relative abundances were multiplied by 1 million and formatted as described by Segata et al. 51 Comparisons were made with grouping (ZnT2ko or wt) as the main categoric variable. a levels of .10 were used for the Kruskal-Wallis tests. Linear discriminant analysis scores for the enriched taxa within each class were plotted. A linear discriminant analysis determines the magnitude of variation between groups. Features were plotted on a logarithmic scale according to the experimental group to which they are significantly associated. Linear discriminant analysis effect size explicitly requires all pairwise comparisons to reject the null hypothesis for detecting the biomarker taxa; thus, no multiple testing corrections were needed. 51 All authors had access to the study data and reviewed and approved the final manuscript.
Results
ZnT2 Is Present in Secretory Granules of Paneth Cells
We used a set of complementary techniques to detect ZnT2 in PC granules. First, we used IF as shown in Figure 1A and B. ZnT2 was detected primarily in the PCs and specifically in membranes of their distinctive secretory vesicles. In addition, we found that ZnT2 was co-localized with Reg-IIIg ( Figure 1B) , a bactericidal lectin produced and secreted by PCs that binds peptidoglycan carbohydrate moieties expressed by gram-positive bacteria, 5, 52 indicating that ZnT2 was localized to PC granules. We confirmed colocalization of ZnT2 and Reg-IIIg in secretory granules isolated by sucrose density gradient centrifugation ( Figure 1C ).
Overall Histology and Small-Intestine Morphometrics Are Not Altered in ZnT2-Null Mice
Knockout of ZnT2 was confirmed by PCR genotyping (data not shown), immunoblotting of crypt proteins (Figure 2A) , and IF imaging of the ileum ( Figure 2B ). We noted that ZnT2-null mice were not Zn deficient as assessed by serum Zn levels ( Figure 2C ), and Zn levels in the terminal ileum were not affected significantly ( Figure 2D ). We did not observe differences in gross mucosal structure as assessed by ileal morphometric indices such as crypt depth, villus height/ width, cell type, and distribution ( Figure 3A-D) between wt and ZnT2ko mice. Finally, we did not observe alterations in the number or intracrypt distribution of stem cell populations ( Figure 3E and F) , which are thought to be governed by PC function. 53 These observations indicate that deletion of ZnT2 does not lead to systemic disturbances in Zn handling by the organism or disorganization of the cell populations and structure of the mucosa of the small intestine.
Mice Lacking ZnT2 Have Altered Paneth Cell Secretory Granule Morphology and Fail to Accumulate Zn
Standard histology with H&E staining was used to detect and count the eosinophilic PC granules ( Figure 4A) . By using the method of Adolph et al 2 ( Figure 4B ), we found that significantly greater PCs were degranulated in ZnT2ko mice when compared with PCs in wt mice (P < .01) ( Figure 4C ). Qualitatively, we noted that the granules in the PCs of ZnT2ko mice appeared disorganized and more variable in size when compared with the PCs of wt mice. We confirmed these observations at the ultrastructural level, using transmission electron microscopy. As shown in Figure 5A , the PCs in wt mice were well organized with tightly packed granules oriented toward the apical membrane that were electrondense, and relatively uniform in appearance. In contrast, the PCs in ZnT2ko mice had fewer loosely packed and hypodense granules (Figure 5B-D) . In addition, there was visual evidence of autophagic vacuolar accumulation and cytoplasmic inclusions, distended endoplasmic reticulum (ER) indicative of ER stress, and fusion of secretory granules indicative of crinophagy 36 ( Figure 5E ). Lastly, we found that PC granules in ZnT2ko mice did not accumulate Zn. By using the Zn-responsive fluorophore ZP1, which has a high affinity for labile Zn pools (dissociation constant ¼ 0.7 nmol/L), 54 we detected labile Zn in PC granules of wt mice, specifically at the bases of the intestinal crypts ( Figure 6 ). In contrast, ZP1 fluorescence was not observed in the crypt base in the ZnT2ko mice, providing direct evidence that Zn does not accumulate in the absence of ZnT2. These observations suggest that loss of Zn transporting capability into the secretory granule of the PC through ZnT2 has 2 consequences: disorganization of secretory granule trafficking and cellular stress.
Fecal Microbiota Is Enriched in Bacteroidales S24-7 in ZnT2-Null Mice
PCs regulate microbial colonization of the intestinal lumen through secretion of their granules. 6 We sought to determine if the compromised secretion of granule products into ZnT2ko mice resulted in alterations in the gut microbiota. Weighted UniFrac (distance metric for comparing biologic communities) principal coordinates analysis plots of wt and ZnT2ko fecal samples showed that overall bacterial community structure was not statistically different between the mouse cohorts (ANOSIM P value ¼ .122) ( Figure 7A ). However, relative abundance plots showed differences in community structure at the family level taxonomic ranking ( Figure 7B ). A key observation was that in wt mice, several taxa considered integral to the homeostasis of the healthy microbiota including Ruminococcacaea, Ruminococcus, Clostridiaceae, and Methylobacterium were enriched. 55 In contrast, members of the Bacteroidales S24-7 family were found in greater abundance in ZnT2ko mice ( Figure 7C ). Collectively, these alterations suggest that the loss of ZnT2 alters select species of the colonizing microbiota, which may in turn lead to increased susceptibility to inflammation and infection.
Antipathogen Activity of PC Granules Is Impaired in ZnT2-Null Mice
Lysozyme content of ileum and in luminal fluid itself has been used as a representative protein to monitor the antipathogen capability of the mucosa and its responses to pathogen stress in the lumen. 56, 57 In addition, the ratio of lysozyme dimer (less active) to monomer (more active) may provide insight into the antipathogen effectiveness of PC secretions. 10, 11 In ZnT2ko mice, as compared with wt mice, we observed less total lysozyme retained in the mucosa of the terminal ileum (P < .01) ( Figure 8A and B) , but greater total lysozyme in ileal perfusates (P < .05) (Figure 8C ), suggesting that ZnT2ko mice have difficulty regulating secretion of their granules, constitutively releasing increased lysozyme. Of interest, the ratio of lysozyme dimer to monomer also was higher in ZnT2ko mice, suggesting that although more lysozyme is released by the mucosa in ZnT2ko mice, the PC secretions may be less effective against pathogens ( Figure 8D ) (P < .05). To confirm this conjecture, ileal perfusates isolated from wt and ZnT2ko mice were inoculated with EPEC and incubated for 1 hour at 37 C, then the solutions were plated and cultured for 24 hours and the remaining EPEC colonies were counted. ZnT2-null mice had significantly greater CFUs compared with wt mice (P < .05), suggesting less antibacterial activity ( Figure 9A ). These findings confirm that PC secretions from ZnT2ko mice have compromised bactericidal activity.
Secretion of ZnT2-Null PCs Is Diminished in Response to E coli Endotoxin
The secretory response to systemically administered bacterial endotoxin (LPS) has been used to assess PC capabilities to respond to systemic pathogen stress. 4, 33 To determine if stimulated secretion was altered in ZnT2ko mice, we injected mice with LPS and evaluated PC degranulation at the ultrastructural level ( Figure 9B ). Sections from wt mice injected with LPS in vivo showed morphologic characteristics of active degranulation, with apically oriented granules being released into the lumen. This was not observed in the ZnT2ko mice; instead PCs appeared damaged, with edematous cytoplasm, dilated ER, and altered granule morphology, suggesting that the loss of ZnT2 leads to the inability to activate PC granule secretion and necrotic cell death in response to pathogenic bacteria.
Loss of ZnT2 Reduces Crypt Viability in Response to Monochloramine Exposure
Monochloramine (NH 2 Cl) is a molecule generated in the presence of neutrophil-derived hypochlorous acid and bacteria-derived ammonia. 58 Thus, we next sought to determine whether the loss of ZnT2 would cause oxidative stress or increase susceptibility to oxidants generated by microbial stress. We found that loss of ZnT2 did not affect baseline levels of oxidative stress, as indicated by quantification of 8-hydroxydeoxyguanosine-positive nuclei (wt, 33 ± 14 nuclei/field; ZnT2ko, 43 ± 20 nuclei/field); however, there was significantly greater cell death (P < .05) in response to NH 2 Cl in crypts isolated from ZnT2ko mice compared with wt mice ( Figure 9C ). This suggests that mice lacking ZnT2 are more susceptible to oxidative stress generated in the setting of local inflammation.
Loss of ZnT2 Increases Bacterial Translocation and Splenic Cytokine Production in Response to LPS
To determine if mice lacking ZnT2 might have an altered response to infection, we injected mice with LPS and evaluated mesenteric nodes for bacterial translocation after 24 hours 4 ( Figure 10A) . A 2-factor analysis of variance showed a significant effect of genotype. ZnT2ko mice had greater bacterial translocation across the ileal wall, with a higher number of bacterial colonies cultured from mesenteric lymph nodes (P < .05). Moreover, LPS injection significantly increased bacterial translocation (P < .05) in ZnT2ko mice, whereas the effect in wt mice did not reach significance.
In addition, to determine if ZnT2ko mice had an altered local inflammatory response to LPS treatment, proinflammatory splenic cytokines, TNF-a and IL6, were quantified by enzyme-linked immunosorbent assay ( Figure 10B and C). A 2-factor analysis of variance showed a significant effect of genotype. There was evidence of a more intense systemic innate immune response in ZnT2ko mice, as evidenced by greater concentration of both TNFa (P < .05) and IL6 (P ¼ .07) in the spleens of ZnT2ko mice in response to LPS. These findings suggest that mice lacking ZnT2 show increased mucosal permeability and heightened local inflammatory response to bacterial products (LPS).
Discussion
PCs have a distinct requirement for Zn, and defects in Zn metabolism have been implicated previously in PC dysfunction. 8, 12, 37 The demand for Zn by the PC appears to be satisfied through the activity of the apical membrane Zn Figure 7 . Microbiota of ZnT2ko mice. (A) Weighted principal coordinates analysis (PCoA) plots generated an unrarifed organizational taxonomic unit table that underwent cumulative sum scaling normalization within QIIME 1.9.0 to visualize differences in bacterial community structure between wt (blue, n ¼ 15) and ZnT2ko (red, n ¼ 14) mouse fecal samples. Distinct clustering between sample types was not observed; the ANOSIM significance test yielded a P value of .122. (B) Relative abundance of taxa at the family taxonomic rank based on an unrarified OTU table that underwent CSS normalization within QIIME 1.9.0. The top 10 taxa observed in greatest abundance across all samples (wt, n ¼ 15; and ZnT2ko, n ¼ 14) are shown. All remaining taxa were grouped into an "other" category. (C) Taxa significantly enriched in ZnT2ko (red) and wt mice (green). Features were plotted on a logarithmic scale according to the experimental group to which they were significantly associated. Linear discriminant analysis (LDA) effect size uses Kruskal-Wallis tests to determine significantly different taxonomic features (a .10) between the genotypes.
transporter Zrt-Irt-like protein 4 (ZIP4). 13 Acrodermatitis enteropathica, a genetic disorder of severe Zn deficiency, is caused by mutations in the gene that encodes ZIP4 (SLC39A4), resulting in loss of ZIP4 function, is characterized by chronic diarrhea and susceptibility to infections, providing evidence of the clinical importance of this Zn requirement in the PC. 59 Although the importance of the ZIP4-mediated pathway for Zn transport into the PC is apparent, the pathways of intracellular Zn distribution and transport into the PC granules have not been characterized, and their influence on health is not known.
Previous reports noted that ZnT2 messenger RNA is expressed robustly in the small intestine 29 and a small ZnT2 isoform (w28 kilodaltons) is associated with the apical membrane in enterocytes 27 of the duodenum and jejunum. In the ileum, minimal ZnT2 expression is detected, and only in the cells of the crypts. 27 In the present study, we have shown that expression of the larger vesicular ZnT2 isoforms (w42 and 52 kilodaltons) 60 is restricted to PCs, and is responsible for Zn accumulation into PC granules. Although the smaller ZnT2 isoform may play a role in Zn export in times of Zn excess, the vesicular isoforms have been shown to play a role in coordinated secretory processes, such as those described in the mammary gland 25 and characteristic of PCs.
In this context, this study provides 3 principal sets of observations on the functional significance of ZnT2 in the PC. The first is that disruption of ZnT2-mediated Zn accumulation into granules profoundly affected PC morphology, including granule disorganization, swollen ER indicative of ER stress, and degradation of the granules themselves (crinophagy), a feature of Crohn's disease, 36 stages of starvation, 61 and Zn deficiency. 62 Loss of ZnT2 did not lead to signs of global Zn deficiencies or toxicities in the mice or disturbances in the neighboring stem cell niche. PCs, although they are thought to regulate many important stem cell functions, 53 may be disrupted without damaging the stem cell niche. 63 The second is that functional silencing of ZnT2 altered the steady-state intestinal microbiome and impaired the response of PCs to bacterially generated endotoxin and pathogenic bacteria themselves. The third is that loss of ZnT2 increased the susceptibility of the PC to toxic products of gut inflammation such as monochloramine. An additional preliminary observation is that loss of ZnT2 seems to impair the functional barrier to bacterial translocation and enhanced innate immune responses during the response to a systemic septic challenge. Together these observations provide confidence in the conclusion that the ZnT2 pathway of Zn transport influences homeostasis in the environment of the intestinal lumen through its regulation of PC secretions and resilience to pathogenic conditions.
With respect to the mechanisms by which ZnT2-mediated accumulation of Zn in the secretory granule leads to a loss of cellular integrity, there are 2 general explanations. The first is that, as a member of the ZnT family that exports Zn from the cytoplasm, ZnT2 may be important for buffering against the toxic effects of Zn accumulation in the cytoplasm. 64 Arguing against this explanation would be that accumulation of free cytoplasmic Zn was not observed in PCs; however, it remains unknown if toxic accumulation of Zn occurred in other organelles that might serve as sinks for Zn accumulating abnormally in the cytoplasm. An alternative explanation is that ZnT2 might play a role in granule stability, as has been recognized in other cell types including kidney fibroblasts 65 and the lactating mammary gland. 26 Toxicities of Zn accumulation or the instability of granules might lead to downstream consequences favoring events such as free radical formation and oxidative stress, as has been observed in mammary glands 26 ; or activation of pathways of autodegradation and apoptosis leading to abnormal turnover, as has been observed in gastric parietal cells. 58 Along these lines, it is noteworthy that cell death was enhanced when crypts were exposed to monochloramine, an oxidant generated during inflammation from bacteriaderived ammonia and neutrophil-derived reactive oxygen species. 41, 58 These considerations indicate that impairment of ZnT2 activity impairs resilience of the PC to oxidant stress generated from outside sources and from cellular metabolism. Studies pursuing such hypotheses are not within the scope of the current study, but would be useful to more fully understand how derangements in cellular management of Zn lead to impairment of signature functions and cell viability in specialized, slow-turnover secretory cells such as PCs.
The presence of ZnT2-mediated Zn transport in the PC granule may play several roles in regulating antipathogen functions: PCs respond to microbial products and inflammatory cytokines, maintaining the normal microbiota 66, 67 and protecting against luminal pathogens. 33, 57 Zn recently was shown to stabilize a-defensins (cryptdins in mice) 9 and maintain lysozyme in its more active monomeric state. 11 Consistent with this, we found that the loss of granule Zn led to less monomeric lysozyme retained within the PC, and granule contents were not released in a coordinated manner. It seems likely that other constituents of the PC granule are influenced by the absence of Zn, including the cryptdins 9 ; matrix metalloproteinase 7, which requires Zn as a cofactor; and TNFa, which is present within PC granules 3 and is processed by a Zn-requiring TNF-a-converting enzyme to produce its secreted form. 68, 69 Importantly, impaired ability to package and secrete PC granules in ZnT2ko mice rendered PCs less able to regulate the balance between pathogenic and nonpathogenic bacterial populations in the lumen. Increased abundance of members of the Bacteroidales family, including the S24-7 isolate identified in our study, has been observed in other conditions of PC dysfunction 6 and has been identified as a possible indicator of disease onset in colitis models. 70 In human beings, loss of this PC-regulated balance among microbe populations has been implicated in compromised barrier function, mucosal inflammation syndromes such as NEC and Crohn's disease, long-term risks for malignancy, and even obesity. 6 Figure 9. Susceptibility to microbial products. (A) ZnT2ko mice showed a lower percentage reduction in CFUs compared with controls (EPEC incubated with PBS only) compared with wt (n ¼ 9/ genotype, *P < .05; unpaired Student t test; mean ± SD). (B) After injection of LPS, representative transmission electron microscopy images of wt PCs with increased numbers of apical granules being released into the lumen, whereas ZnT2ko PCs appeared damaged, with edematous cytoplasm, dilated ER, and altered granule morphology (magnification, 600Â; n ¼ 3/genotype). (C) Significant increase in cell death in the ZnT2ko in response to NH 2 Cl (n ¼ 8/genotype, *P < .05; unpaired Student t test; mean ± SD).
With such potentially broad health consequences connected to proper functioning of ZnT2, it would be of great interest to know whether genetic variants in its gene (SLC30A2) are common in the general population. In this regard, functional mutations and nonsynonymous genetic variants with diverse functional consequences have been identified in different human populations, most notably in lactating women. [30] [31] [32] These considerations offer the possibility that subtle, but functionally significant, genetic variations in ZnT2 may contribute to the diversity of responses in human populations in diseases associated with gut dysbiosis.
In summary, the current study identifies the transporter ZnT2 as a driver of Zn uptake and storage in the PC granule, with consequences for PC granule structure and secretion, and, importantly, for regulation of the balance between pathogenic and nonpathogenic bacteria in the intestine. We propose that loss of ZnT2 function and subsequent PC dysfunction could lead to broad deficits in overall gut function and susceptibility to infectious and inflammatory conditions. It remains to be determined if the loss of ZnT2 function in human beings is associated with microbial dysbiosis and subsequent inflammatory bowel diseases.
